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We have recently shown that the amounts of most gene products are precisely regulated 

during the development of hematopoietic cells in the bone marrow (1, 2). Comparing the 

intensities of antigens (gene products) on cells of the same maturational stages, the 

variability within an individual exceeds that of the variability of the means between 

individuals. These data show that not only is the timing of appearance of gene product 

expression during hematopoiesis precise, but the absolute amounts of expression of most 

gene products are invariant from individual to individual, independent of age and marrow 

stress. The single antigen studied that differed from all others was CD33, which 

demonstrated a broad variability in quantitative expression from individual to individual 

even though the within patient variability was low.

The intensity of CD33 expression has been identified to significantly affect the response of 

AML patients to treatment with Gemtuzumab ozogamicin (GO, Mylotarg)(3). Pediatric 

patients with the lowest amounts of CD33 expression did not show a benefit when treated 

with this antibody-toxin conjugate. We have recently demonstrated that a pair of SNPs, in 

linkage disequilibrium (LD), are also related to the cell surface intensity expression of CD33 

on the diagnostic leukemia cells as well as response to therapy (4). The CD33 SNP 

rs12459419 (C<T) is present in exon 2 and results in an Alanine to Valine change at codon 

14. This SNP is found within 4bp of the intron-1/exon-2 junction, and resides within exon 

splicing enhancer binding site for splicing factor -SRSF2. Presence of the variant T results in 

altered splicing resulting in skipping of exon2, and thus a shorter CD33-isoform (D2-CD33) 

that lacks the IgV-domain.(5–7) Interestingly, exon2-encoding IgV-domain contains the 
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epitope for the p67.6-CD33 antibody, which is used both for diagnostic immunophenotyping 

and also for the humanized antibody that is conjugated to calicheamicin in GO. This splicing 

SNP also occurs in LD with a second SNP, rs3865444, which is in the non-coding, promotor 

region of the CD33 gene. In this study, we examined the relationship between the 

quantitative expression of CD33 on both the diagnostic leukemia cells and the normal 

regenerating monocytes following initial chemotherapy on those same patients with respect 

to the underlying genetic presence of these specific SNPs.

Patients in this study participated in Children’s Oncology Group (COG) study AAML0531, 

a randomized evaluation of GO used as an initial chemotherapy (8). Supplementary Table 1 

provides characteristics of the patient population included in the study. For this study bone 

marrow aspirates were obtained at diagnosis and end of initial induction. Specimens were 

processed utilizing routine clinical guidelines as described before (9). The quantitative 

expression of CD33 on the diagnostic acute leukemia cells was compared to the amounts 

identified on the CD14 positive monocytes in the normal recovering bone marrows 

following the initial induction. Patients without signed consent forms, qualitatively poor 

specimens and specimens identified as having residual disease were excluded from the 

study. A total of 414 patients were included in this analysis. Bone marrow aspirates were 

collected and processed as previously described (9). The technique to determine mean 

fluorescence intensity (MFI) of CD33 on the leukemia cells (identified using CD45 and log 

side scatter gating) and on the mature monocytes on the corresponding regenerating marrow 

following induction chemotherapy (defined using support vector machines) have been 

described (3, 10). Quantification of the expression of CD33 on mature monocytes was 

performed as described previously (1,2). Correlation of MFI to number of molecules was 

performed by defining the MFI of CD4 conjugated 1:1 to phycoerythrin to be 46,000 

molecules (11,12). SNP analysis for splicing CD33 SNP rs12459419 and the linked 

promoter SNP rs3865444 was performed on genomic DNA obtained from samples obtained 

at remission using the Sequenome platform at the Biomedical Genomics Center, University 

of Minnesota. Both SNPs had a call rate of more than 0.98 and were in Hardy–Weinberg 

equilibrium.

Although a difference in expression of CD33 on the leukemia cells is related to the specific 

SNP, Figure #1, this quantitative difference is more clearly observed on the corresponding 

normal monocytes from those same patients after induction chemotherapy. It is evident that 

these SNPs are highly correlated to differential expression amounts of CD33 on both the 

normal monocytes and the leukemia cells. The mean number of molecules of CD33 for CC, 

CT and TT on leukemia cells was 3.8 X103, 2.6 X 103 and 8.0 X102 respectively, with rather 

broad histograms. In comparison the amount of CD33 on the normal monocytes was higher 

2.8 X104, 1.7 X 104 and 5.0 X 103 for CC, CT and TT respectively (p<10−10) with much 

smaller variation between individuals with the same genotype (Figure 1). Six outliers for CC 

(n=1) and CT (n=5)(red and blue dots, respectively) were identified within the grouping of 

low CD33 intensities (green dots, which primarily represent TT genotype). Further testing 

for other low expressing CD33 genotypes described in a previous study (13) demonstrated 

that all of these six were heterozygous carriers for at least one another low expressing CD33 

allele. Occurrence of other CD33 SNPs distinguish these patients from the rest of the 

patients suggesting additional changes in the genotype can also affect the amounts of CD33 
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expressed on the cell surfaces. These data span 3.8 years, demonstrating the stability of the 

assay to quantify small differences in cell surface gene product expression.

In separate experiments using HIM3–4 (a monoclonal antibody recognizing CD33 that does 

not cross block p67.6) also showed similar variation in intensities between CC, CT and TT 

when tested on normal bone marrow monocytes. At maximum titration concentrations, the 

number of CD33 molecules identified by p67.6 were 3.8 X 104, 1.9 X 104, and 4.2 X 103 for 

individuals genotyped for CC, CT, and TT, respectively. Quantification using HIM3–4 

produced 1.7 X 104, 7.4 X 103, and 1.7 X 103 molecules for the same corresponding 

genotypes. These data suggest that the SNP genotype affects the quantitative display of both 

epitopes identified by both p67.6 and HIM3–4 although the absolute amounts of CD33 

defined by the two antibodies were approximately 2 fold different.

We further performed in vitro functional studies to investigate the mechanism for these 

differences by performing a mini-gene experiment to confirm the altered splicing due to the 

C>T change for rs12459419 and luciferase assays to study the impact of the linked promoter 

polymorphism rs3865444 (Figure 2). Supplementary Note 1 provides details of the methods 

used. Using transiently transfected HEK293 cells containing rs12459419, the RNA 

expression level of the altered CD33-D2 isoform increased 2 fold for T as compared to the C 

genotype (p<0.05) thus confirming C>T change to be associated with increased production 

of alternatively spliced D2 isoform (Figure 2A). Luciferase reporter assays were performed 

using CD33 promoter vector with G or T allele for rs3865444 in K562 cells. In agreement 

with the association of the SNP with low CD33 cell surface intensity on monocytes, T allele 

was associated with lower transcriptional activation (Figure 2B, p<0.005).

These results show that the variability of amounts of CD33 expressed on normal 

hematopoietic cells are the result of a genetic polymorphism predominantly related to two 

SNPs that are LD. CC patients express approximately 1.6 times as many CD33 molecules in 

comparison to CT patients and 5.6 times greater compared to TT individuals. The TT splice 

variant does not result in a complete loss of the expression of CD33, therefore, the epitope 

identified by p67.6 is still expressed but at a lower level. Interestingly these changes do not 

affect the within patient variability of expression (1, 2).

The intensity difference of CD33 between CC and CT is minimal on the leukemia cells with 

broad overlap. Therefore, the differential response to GO observed between the homozygous 

and heterozygous individuals cannot be completely explained by quantitative epitope 

expression (4). The differences in response to therapy may be caused by a secondary 

phenomenon, possibly differential internalization.

The ratio in CD33 expression between the monocytes and leukemic blasts is similar to that 

observed in normal hematopoiesis between the uncommitted progenitor cells and 

monocytes(1, 2). CD33 increases approximately 5X during maturation from the 

uncommitted progenitor cells to mature monocytes. Therefore, the lower expression of 

CD33 on leukemia cells as compared to that detected on mature monocytes may simply be a 

result of the choice of which normal cell population is used for intensity comparison. These 

results illustrate an important concept in neoplastic transformation. We demonstrate a single 
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SNP can cause a 5.6X reduction in the expression of a specific gene product. Therefore, 

point mutations targeting a single SNP may have a dramatic affect on the cell development 

by changing the amounts of expressed gene products. Therefore, very small genetic 

mutations may have large consequences in the ability of cells to develop properly.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: 
Correlation between intensity of CD33 expression on AML cells (X –axis) and the normal 

monocytes (Y axis) in the recovering bone marrow specimens post induction chemotherapy, 

and the SNP for rs12459419. The intensity level of CD33 on the monocytes is directly 

related to the rs12459419 SNP [CC, red, vs CT, blue, vs TT, green, p<10−10). Essentially 

identical data is obtained for rs3865444 in the LD non-coding promoter region (data not 

shown).
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Figure 2. 
A) RNA expression level of CD33-D2 isoform in HEK293 cells transiently transfected with 

CD33 mini-gene containing rs12459419 C or T genotype. The values calculated from 

quantitative PCR were normalized with rs12459419 C genotype expression. The CD33 

rs12459419 T genotype generates approximately twofold transcript of CD33-D2 isoform. B) 

Luciferase assay for CD33 SNP promoter SNP-rs3865444 G>T, CD33 reporter construct 

(pGL3basci) with G or T allele was transfected into K562 cells. The values from Firefly 
luciferase intensity normalized with Renilla luciferase activity (n=3 separate experiments 

done in triplicate) and p values were two tailed and calculated by student’s t-test. (**p 
<0.005, *p <0.05)
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